Robinow syndrome is a genetically heterogeneous disorder characterized by mesomelic limb shortening, genital hypoplasia, and distinctive facial features and for which both autosomal-recessive and autosomal-dominant inheritance patterns have been described. Causative variants in the non-canonical signaling gene WNT5A underlie a subset of autosomal-dominant Robinow syndrome (DRS) cases, but most individuals with DRS remain without a molecular diagnosis. We performed whole-exome sequencing in four unrelated DRS-affected individuals without coding mutations in WNT5A and found heterozygous DVL1 exon 14 mutations in three of them. Targeted Sanger sequencing in additional subjects with DRS uncovered DVL1 exon 14 mutations in five individuals, including a pair of monozygotic twins. In total, six distinct frameshift mutations were found in eight subjects, and all were heterozygous truncating variants within the penultimate exon of DVL1. In five families in which samples from unaffected parents were available, the variants were demonstrated to represent de novo mutations. All variant alleles are predicted to result in a premature termination codon within the last exon, escape nonsense-mediated decay (NMD), and most likely generate a C-terminally truncated protein with a distinct À1 reading-frame terminus. Study of the transcripts extracted from affected subjects' leukocytes confirmed expression of both wild-type and variant alleles, supporting the hypothesis that mutant mRNA escapes NMD. Genomic variants identified in our study suggest that truncation of the C-terminal domain of DVL1, a protein hypothesized to have a downstream role in the Wnt-5a non-canonical pathway, is a common cause of DRS.
Introduction
In 1969, Dr. Meinhard Robinow and colleagues described an ''unrecognized dwarfing syndrome'' in one nonconsanguineous extended family with multiple affected individuals; analysis of the family pedigree revealed an autosomal-dominant segregation pattern with complete penetrance. 1 Clinical description of autosomal-dominant Robinow syndrome (DRS [MIM 180700]) includes mesomelic shortening, genital hypoplasia, dental malalignment, normal intellect, and distinctive facial features resembling a ''fetal face.'' These features include a high and broad forehead, frontal bossing, marked hypertelorism with midfacial hypoplasia, prominent eyes, a depressed nasal bridge, and a short nose with anteverted nares and a broad tip [1] [2] [3] and are collectively referred to as fetal face because the proportion of the neurocranium to the face is about equal in newborns, whereas in adults, the proportion of the head is about one-third neurocranium to twothirds face. Heterozygous missense mutations in WNT5A (MIM 164975), which encodes a protein that participates in the non-canonical, b-catenin-independent signaling cascade, were later shown to segregate in the first described family. 4 Such mutations most likely change Wnt-5a surface structure and affect interactions with other proteins in the same pathway. 5 In that same study, an additional unrelated individual with sporadic DRS was also shown to be a carrier of a distinct heterozygous mutation in WNT5A. 4 Wnt5a-null mice exhibit phenotypic features similar to those observed in subjects with DRS, including hypertelorism, a triangular mouth, micrognathia, and hypoplastic genitalia. 4, 6, 7 Autosomal-recessive Robinow syndrome (RRS [MIM 268310]) is characterized by short stature and pronounced mesomelic shortening and vertebral anomalies 3, 8, 9 and is associated with loss-of-function of the orphan tyrosine kinase receptor ROR2 (MIM 602337). 10, 11 ROR2 is a putative receptor of Wnt-5a, 12 and together they activate the non-canonical Wnt signaling cascade, which results in the establishment of planar cell polarity in Drosophila and in the equivalent convergent-extension movements during gastrulation in vertebrates. 13, 14 Importantly, heterozygous mutations that truncate ROR2 around the tyrosine kinase domain cause a distinct disease known as autosomal-dominant brachydactyly type B1 (BDB1 [MIM 113000]), most likely as a result of a gain-of-function or dominant-negative effect of the truncating protein variant. 15, 16 Here, we report eight individuals with six distinct frameshift mutations clustered in the same exon of DVL1 (MIM 601365). DVL1 encodes one out of three human homologs of the Drosophila segment polarity protein dishevelled (dsh). All six variants are predicted by conceptual translation to produce a truncated protein. This contention is supported by experimental detection of the expression of the premature termination codon (PTC)-containing mRNA in subject cells. Our data support the concept that mutations involving additional proteins in the Wnt-5a-ROR2 signaling pathway can cause Robinow syndrome. 17 Furthermore, in contrast with the type of genetic alteration reported to cause WNT5A and ROR2 disease-associated mutations, variants in DVL1 seem to result in dominantnegative or gain-of-function proteins.
Subjects and Methods

Subjects
Phase 1 of our study consisted of candidate-gene discovery in four affected individuals (BAB4073, BAB4569, BAB4878, and BAB5264) with clinical diagnoses of Robinow syndrome and in both parents of each individual (except for BAB5264, for whom only maternal DNA was available for study); all affected subjects underwent personal genome studies using whole-exome sequencing (WES). Phase 2 of our study consisted of confirming and assessing the contribution of DVL1 variants in exon 14 to the disease phenotype. Phase 2 included 62 additional subjects, each with a clinical suspicion of Robinow syndrome. We did not pre-select for possible dominant or recessive inheritance. Targeted sequencing identified mutations in five individuals (016462, 016516, 016517, 017604, and 030526) from four families, including a monozygotic twin pair (016516 and 016517) about whom a clinical description was previously published. 18 All five phase 2 subjects were included in the study by Radboud University Medical Center in Nijmegen, the Netherlands. The subjects' countries of origin included Portugal (016516 and 016517), Turkey (017604), the United States (BAB4073, BAB4569, BAB4878, BAB5264, and 030526), and Denmark (016462). Clinical findings are shown in Table 1 (see Supplemental Data for clinical descriptions). DNA was obtained from the subjects and their families after they gave written informed consent. Selected family pedigrees and photographs of individuals who gave consent for these photos to be used are shown in Figure 1 and Figures S1 and S2. The study was approved by the Radboud University Medical Center review board and by the institutional review board at the Baylor College of Medicine (protocol no. H-29697) for all sequencing conducted at the Baylor College of Medicine Human Genome Sequencing Center (BCM-HGSC).
WES, Variant Calling, and Selection of De Novo Variants
DNAs from individuals BAB4073, BAB4569, BAB4878, and BAB5264 were subjected to WES at the BCM-HGSC through the 
Variant Confirmation
We verified and evaluated potential disease-associated variants identified via WES for co-segregation with the phenotype by using standard PCR amplification. The primers we used to amplify exon 14 of DVL1 were as follows: 5 0 -GGGGAAGGGCAGGTAGGG-3 0 (forward) and 5 0 -CAGTGAGTGGGGGCTTCG-3 0 (reverse). PCR products were purified with ExoSAP-IT (Affymetrix) and sequenced with di-deoxy nucleotide Sanger sequencing at the DNA Sequencing and Gene Vector Core at Baylor College of Medicine. To confirm each frameshift individually, we manually cloned both alleles into a standard TOPO TA cloning vector (Life Technologies) and then transformed the recombinant clones into chemically competent E. coli to be grown overnight; individual clonal colonies were sequenced by a standard Sanger capillary protocol.
RNA Analysis
We extracted total RNA from peripheral blood from BAB5265, BAB5264, BAB4073, BAB4074, and BAB4075 by using the PAXgene Blood RNA System (PreAnalytiX). Blood was collected and transported in PAXgene Blood RNA Tubes. RNA was manually extracted according to the PAXgene Blood RNA purification protocol. cDNA was synthesized with 1 mg of RNA and the qScript cDNA SuperMix (Quanta Biosciences). 2 ml of cDNA was used for amplifying the mRNA fragment with primers in DVL1 exon 13 (5 0 -TGCTACTACGTCTTCGGGGA-3 0 [forward]) and exon 15 
Abnormal ear shape and position 
Results
Genomic and Molecular Analysis DVL1 maps to the 1p36.3 chromosomal sub-band; its canonical transcript contains 15 coding exons, which together comprise 2,941 nt (RefSeq accession number NM_004421.2), and encodes a 670-aa protein (RefSeq NP_ 004412) ( Figure 2A ). WES identified frameshift mutations 
Bifid first and/or second phalanges
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Agenesis of the labia minora Figure 2B ). In subject BAB4073, a missense variant (chr1:1273426A>G) was identified by WES, but Sanger sequencing of exon 14 failed to confirm that mutation and instead unveiled an apparent frameshift in the subject's electropherogram. Further allele-specific cloning confirmed the presence of such a frameshift involving the missense variant detected by WES, now interpreted as c.1570_1571delins (p.Phe524Profs*125) ( Figure 2B ). This mutation was missed during the WES variant calling most likely as a result of poor mappability. Indel calling remains a challenge for massively parallel next-generation sequencing and might reflect errors in both library preparation and algorithm artifacts. 17 Complex indels, such as the one identified in subject BAB4073 (c.1570_1571de-lins), can be challenging to identify in exome sequencing and can be misinterpreted as a simple base-pair substitution. Therefore, our data suggest that some frameshift mutations might need to be confirmed with allele-specific cloning and sequencing in addition to sequencing directly from mixed wild-type and mutant PCR products. Trio analysis revealed that frameshift mutations are de novo in subjects BAB4073 and BAB4878. The mother of BAB5264 does not carry the mutation, and the father is unavailable. We did not detect pathogenic or predicted pathogenic mutations in subject BAB4569 in the coding Figure 1 . Clinical Presentation of the Individuals with DRS in This Study Subjects (clockwise from the top left) BAB5264, 016462, 016516, 016517, and 017604 have DRS due to mutations in DLV1 and show characteristic facial features of frontal bossing with a high, broad forehead, hypertelorism, a broad nasal tip, and low-set ears.
regions of ROR2, WNT5A, or DVL1 by WES (data not shown).
Further targeted gene studies identified three unique and one recurrent frameshift in five additional subjects. All of these frameshifts affect exon 14 of DVL1 and are as follows: c.1505_ 1517del (p.His502Profs*143) in subject 016462 (subject BAB4878 harbors a similar frameshift), c.1508del (p.Pro503Argfs*146) on chromosome 1 in identical twins 016516 and 016517, c.1615del (p.Ser539Alafs* 110) in subject 017604, and c.1529del (p.Gly510Valfs*139) in subject 030526 ( Figure 2B and Figure S3 ). Sanger sequencing of parental DNAs revealed a de novo origin for the DVL1 mutations identified in the personal genomes from the twin pair (016516 and 016517) and from individuals 016462 and 017604. Thus, de novo occurrence was verified in five unrelated families for which parental DNA was available. PCR fragments were cloned and sequenced for confirmation of reading frames.
All the variants observed in this group of subjects with DRS are predicted to result in a PTC located within the last exon (15) of DVL1 ( Figure 2C ). Because of the location of the predicted PTC, we hypothesized that the resulting mutant transcript could potentially escape nonsensemediated decay (NMD). 25 To test this hypothesis, we performed PCR of exons 13 to 15 by using the cDNA synthesized from isolated RNA extracted from subjects BAB4073 and BAB5264, as well as parental samples as wild-type controls when available. Sequencing of the RT-PCR products revealed the presence of both wild-type and mutated transcripts in affected individuals only (Figures 3A and 3B ). Additionally, we measured the expression levels of DVL1 by using two independent TaqMan probes to target junctional exons 4 and 5 and exons 14 and 15 and observed no changes in the DVL1 expression between affected individuals and their parents ( Figure 3C ). The expression data indicate that both alleles are expressed in affected individuals' leukocytes and support the hypothesis that these PTC-containing transcripts are not degraded by NMD. The identified mutations were not observed in publicly available databases or in our in-house database. Analysis of the Exome Aggregation Consortium (ExAC) Browser (release 0.20), a public database that provides access to more than 61,486 unrelated subjects sequenced by WES without confirmation by an orthogonal sequencing technology as part of distinct disease-specific and population genetic studies, did reveal four frameshift alleles among 651 total coding mutations in DVL1. We do not predict that any of the four suggested frameshift mutations cause DRS because none are in exon 14. Notably, the subjects in the ExAC collection were not generally phenotyped, nor is it known from which disease population the study sample was obtained. Furthermore, the ExAC Browser includes data of heterogeneous quality, which requires that WES-identified mutations be confirmed with an orthogonal DNA sequencing technique that currently is not permitted.
Clinical Observations of Subjects with DVL1 Mutations
In general, the phenotype of individuals with DVL1 mutations is concordant with earlier clinical descriptions of DRS (Table 1 and Figure 1 ; see Supplemental Data). 2, 3 Typical facial features, dental anomalies, and mesomelia were noted in 100% of DVL1-mutation-affected individuals in our study. In contrast to the DRS-affected individuals with WNT5A mutations thus far reported in the literature, 75% of DRS-affected individuals with DVL1 mutations were reported to have normal stature (above the tenth percentile). Another possible distinguishing feature between the two types of DRS is macrocephaly, which was observed in 100% of individuals with DVL1 mutations in this cohort. An occipitofrontal circumference above þ4 SDs was noted in six out of the eight 22 the PDZ domain is required for DVL1-mediated microtubule stabilization 23 and for regulation of signal transduction. The C-terminal DEP domain is predicted to be important for protein interaction and most likely has a role in signal transduction; it can be found in other proteins involved in G protein signaling. 24 The approximate locations of variants identified for each affected individual all cluster within exon 14 and display the same PTC within exon 15. (B) Sanger sequencing of allele-specific PCR-product clones confirmed the presence of frameshift mutations in each affected individual and revealed a C insertion in subject BAB4073. Electropherograms displaying the cloning results of both alleles for six affected individuals are shown. Electropherograms for individual 016462, who carries the recurrent deletion c.1505_1517, are displayed in Figure S3 . Underlined bases are deleted in the mutant allele, and the highlighted pink base (for subject BAB4073) in the mutant allele represents an insertion that did not exist in the reference allele. (C) Predicted amino acid sequence with a change in the reading frame for part of exon 14 and exon 15. All variants in affected individuals have an identical PTC within exon 15. Identical amino acids are highlighted in yellow. Asterisks indicate termination codons.
individuals with DVL1 mutations. Except for mild intellectual disability in one individual, intellectual function was normal in all other DVL1-mutation carriers. The majority of individuals had additional congenital anomalies, including genital hypoplasia (5/6 individuals), umbilical hernias (4/7 individuals), heart defects (2/7 individuals), renal anomalies (2/7 individuals), and hearing loss (3/7 individuals) ( Table 1) . Increased skull bone density was noted in three individuals. In addition, two subjects presented with severe obstructive breathing problems during sleep, and these necessitated long-term treatment with continuous positive airway pressure and eventually 0 -TGTGATCCGATTCACTGCCA-3 0 (exon 15 rev), which were used to amplify cDNA of mRNA extracted from subjects' and parents' leukocytes. (B) Pedigrees of subjects BAB4073 and BAB5264 and available parents for RNA isolation. Agarose gel shows a 343-bp RT-PCR band, which was amplified with primers 5 0 -TGCTACTACGTCTTCGGGGA-3 0 (exon 13 fwd) and 5 0 -TGTGATCCGATTCACTGCCA-3 0 (exon 15 rev); below, electropherograms display sequencing results of amplified cDNA. Affected individuals harbor frameshift mutations identical to the genomic mutations identified. The variants are present in the cDNA of affected individuals but are not present in unaffected parents. (C) Levels of DVL1 expression in leukocytes were measured by qPCR with TaqMan probes Hs00182896_m1 and Hs00737028_m1. For evaluating relative expression of DVL1, the DDCT method was used with TBP as the endogenous control and one unaffected parent per family as the relative control. This experiment was replicated once and showed similar results.
craniofacial surgery for correction of airway obstruction (Figures S1 and S2 ).
Discussion
Wingless (Wg)/Wnt signaling is a highly conserved pathway involved in cell-fate determination, including cell proliferation, migration, and establishment of planar cell polarity, in eukaryotic organisms. In humans, hypomorphic alleles and loss-of-function mutations of WNT5A and ROR2, respectively, both of which encode proteins involved in the non-canonical, b-catenin-independent signaling cascade, lead to DRS and RRS, respectively. Disturbing the non-canonical Wnt-5a pathway in diverse model organisms, including mice, causes morphogenic defects during embryonic development. 6, 26, 27 DRS is hypothesized to display genetic heterogeneity given that mutations affecting WNT5A have been previously reported to account for only 1 of 24 cases. 4 Recently, a report of three new unrelated subjects with de novo mutations in WNT5A 5 confirmed that hypomorphic mutations in this gene are an important cause of DRS, but most subjects clinically diagnosed with Robinow syndrome do not have mutations in genes with a known association with the disease. Therefore, it is possible that the majority of the affected subjects will have mutations in distinct genes potentially involved in the same signaling pathway. 3 In agreement with this hypothesis, we report eight DRSaffected subjects carrying frameshift mutations in exon 14 of DVL1.
In general, the phenotype of the herein-studied individuals with DVL1 mutations is concordant with earlier clinical descriptions of DRS (Table 1 and Figure 1 ; see Supplemental Data).
2,3 However, we suggest macrocephaly and absence of short stature as potential genotype-phenotype correlations for subjects with DVL1-associated Robinow syndrome. Individuals with WNT5A mutations can have macrocephaly at birth, but head circumference generally undergoes a postnatal progression to normocephaly. 1, 4, 5 Even though Robinow syndrome is generally considered a ''typical gestalt'' diagnosis, facial features can become less clear during puberty and adulthood, and the diagnosis can be less obvious in individuals with normal stature 18 ( Figures S1 and S2) . Therefore, the availability of another gene test for DRS could help confirm this clinical diagnosis. Furthermore, given the mappability challenges of the frameshift mutations identified herein, future clinical application might benefit from the use of traditional Sanger sequencing as a first approach for clinical diagnosis in individuals suspected of having DRS. Moreover, if a clinical diagnosis is suspected in a subject who previously had WES testing, then it might be prudent to examine the raw data obtained at the DVL1 locus. DVL is a segment polarity gene (dsh) originally discovered in Drosophila, where it mediates Wg signaling transduction of patterning information in multiple tissues during the developmental processes, including axial patterning of legs and wings in adults. 28, 29 In the developing Drosophila embryo, lack of dsh results in functional defects similar to those observed in wg mutants; further experiments revealed that Dsh functions in the reception or interpretation of the Wg signal. 29, 30 Three dsh homologs, DVL1, DVL2 (MIM 602151), and DVL3 (MIM 601368), have been identified in mammals, including humans. 31 Experimental data indicate that there could be functional redundancy among Dvl proteins, 32, 33 but individual specific roles for each of these proteins are also being proposed. 34 These observations are in agreement with a recently published mosaic genetic screen of lethal mutations on the Drosophila X chromosome; the screen revealed that fly genes with more than one human homolog are more likely to be associated with human syndromes than are fly genes with a single homolog, potentially indicating duplication and further specialization during evolution. 35 Human DVL proteins, DVL1, DVL2, and DVL3, share 59%-67% of amino acid sequence identity, and the corresponding mouse orthologs show >95% of amino acid sequence identity. 31 Mouse Dvl1 was shown to be ubiquitously expressed in adult tissues, particularly in the brain and testes. 36 However, Dvl1-null mice do not present with developmental defects; instead, they show abnormal social behavior, such as a lack of whisker trimming, poor nest building, and decreased huddling during sleep, in addition to diminished sensorimotor gating. 37 These data suggest that Dvl1 might contribute to the modulation of social behaviors in mammals; however, it is unclear what might constitute human ''homologous'' instinctual behaviors that one might screen for in our subjects. Furthermore, there is no evidence of altered behavior traits associated with DRS; in fact, most individuals from our cohort perform well in terms of social integration and functioning (see Supplemental Data), supporting the contention that the mechanism of DRS caused by mutations in DVL1 is not due to loss of function. In our study, we observed a total of six frameshift mutations, five of which were confirmed to be de novo. Analysis of the ExAC Browser revealed the presence of four frameshift variants affecting DVL1, but the relevance of such findings for DRS is unknown because (1) we cannot confirm the ExAC Browser mutations by Sanger sequencing, (2) we do not have phenotypic information on those particular subjects, and (3) none of these mutations affect exon 14 of DVL1, which might suggest that frameshift mutations elsewhere in DVL1 might not cause DRS.
Remarkably, all variants observed in this cohort are predicted to produce a PTC that maps within the last exon of DVL1 and are predicted to escape NMD; this hypothesis is supported by our mRNA studies. NMD is a conserved posttranscriptional surveillance system that is intended to degrade transcripts that contain a PTC and thus eliminate abnormal transcripts (reviewed in Conti et al. 38 and Popp et al. 39 ); evidence of such NMD was not observed in our subjects. In the resulting predicted altered proteins, 22 amino acids from the C terminus will be removed, but other highly conserved functional domains, i.e., DIX, PDZ, and DEP, will be preserved. The exact function of the DVL1 C terminus is unknown, but the last 35 amino acids have been shown to be conserved among all vertebrate Dvl proteins. 31 Intriguingly, in all six mutations reported here, the frameshift leads to the same open reading frame, which is predicted to generate a PTC within the coding region of exon 15. This most likely produces a novel DVL1 C-terminal truncation that retains 109 amino acids shared by all eight subjects ( Figure 2C ). Further studies are required to investigate whether DRS-associated mutations in exon 14 of DVL1 produce a protein with residual activity that competes with the wild-type protein and disturbs its function (antemorph) or whether the novel C-terminal domain performs a new, unpredicted biological role (neomorph). In any case, a dominant-negative or gain-offunction altered protein is predicted to contribute to the dominant disease trait. Nonsense mutations within the last 50 base pairs of the penultimate exon and within the last exon are hypothesized to escape NMD, leading to the synthesis of C-terminally truncated proteins. These truncated proteins can result in diseases as a result of dominant-negative or gain-of-function mechanisms. 40 Importantly, a mutant transcript being subjected to NMD or escaping NMD can lead to distinct disease-inheritance patterns and variable clinical severity, 15, 25 examples of which include mutations in ROR2: recessive ROR2 mutations cause RRS, whereas dominant ROR2 mutations cause BDB1. SOX10 (MIM 602229) mutations also cause one of two distinct dominant diseases, Waardenburg syndrome (MIM 602229) or PCWH (peripheral demyelinating neuropathy, central dysmyelination, Waardenburg syndrome, and Hirschsprung disease [MIM 609136]), depending on whether the transcript containing the PTC is subjected to or escapes NMD, respectively. 41 Recently, de novo truncation in the single-exon gene AHDC1 (MIM 615790) was found in subjects with a new neurological disorder, Xia-Gibbs syndrome (MIM 615829), consisting of developmental delay, hypotonia, mild dysmorphic features, sleep apnea, and other symptoms. Single-exon genes all escape NMD. In aggregate, these observations suggest that the interpretation of the biological effects of nonsense and frameshift alleles can be difficult to predict and most certainly do not always cause loss of function, but rather can be null (haploinsufficiency), hypomorphic, antemorphic, or neomorphic. The presence of frameshift or nonsense mutations that allow transcripts to escape NMD can provide an improved set of tools for identifying mutations associated with human disease. [41] [42] [43] Both canonical and non-canonical Wnt signaling, including via Wnt-5a, have been demonstrated to be important effectors of bone mass in humans and animal models. 44 Wnt signaling increases osteoblastogenesis, which increases bone mass. As examples, loss-of-function mutations in AMER1 (MIM 300647), a gene that represses canonical Wnt signaling, results in the increased-bonemass phenotype of osteopathia striata with cranial sclerosis (MIM 300373), 45 whereas loss-of-function mutations in LRP5 (MIM 603506), which normally transduces canonical Wnt signaling, results in the decreased-bonemass phenotype of osteoporosis-pseudoglioma syndrome (MIM 259770). 46 Given the increased cranial density seen in a few of our subjects, further investigation for any potential role of DVL1 in regulating bone density is warranted. No constitutional diseases have yet been associated with specific mutations in human DVL genes. Copy-number alteration spanning 17p13.1, specifically deletion copynumber variation (CNV) that includes DVL2, can lead to intellectual disability and microcephaly.
47 DVL1 has been proposed as a candidate gene for the cardiovascular malformations and cardiomyopathy phenotypes observed in individuals with the 1p36 deletion syndrome (MIM 607872). 48 Nonetheless, this deletion-CNV syndrome does not include the typical facial and skeletal features observed in Robinow syndrome, supporting the contention that haploinsufficiency is not the mechanism for disease in DRS caused by DVL1 mutations. Loss-of-function mutations in Dvl1 À/À mice cause a relatively mild phenotype consisting of behavioral problems. This contrasts sharply with the severe morphological defects observed in mice with null mutations in Wnt5a or Ror2. These observations in mice support our hypothesis that truncated DVL1 in subjects with DRS is probably not due to loss-of-function mutations. Our data suggest that mutations that lead to the formation of truncated DVL1, which has a distinct terminus due to specific À1 frameshifting variants in the penultimate exon, can disrupt the Wnt-5a-ROR2 pathway and cause overlapping clinical phenotypes. We therefore hypothesize that WNT5A, ROR2, and DVL1, similar to their orthologs in other organisms, act in the same pathway in humans.
Accession Numbers
The dbGaP accession number for the WES-study DNA sequences reported in this paper is phs000711 under the 
Supplemental Case Reports
BAB4073
BAB4073 is a girl born by caesarian section after an uneventful pregnancy to a mother with a bicorneate uterus. She is the second child of a non-consanguineous healthy couple. Prenatal ultrasounds revealed short bones. In 2004, at age 1 year and 4 months, her weight was 20 kg (5%); length 74 cm (10%) and head circumference (OFC) 55 cm (+4 SD). Her development was reported normal: walked at 14 months; first words at 14 months. She had a heart surgery for interatrial communication correction, recurrent pneumonias in infancy and dental misalignment.
She is a smart girl, doing very well at school and has good social skills for her age. Molecular data: she was initially screened for mutations in WNT5a and none mutations were found. No other genetic tests were done before our analysis. 
016462
The individual is a female born at 32 weeks of gestational age after normal pregnancy from nonconsanguineous healthy parents. Birth weight was 1815 g (60%). Her psychomotor development was delayed and although she has attended regular elementary school, she has not been able to graduate with a diploma. Difficulties with social interaction increased after severe bullying by peers. She had pronounced dental agenesis. From 11 to 16 years of age she was treated with CPAP for obstructive sleep apnea. X-ray and 3D CT imaging of the skull showed increased bone density of the cranial and facial bones and anterior nasal spine agenesis. She has undergone cranial surgery to correct frontal bossing and rhinoplasty. At 20 years of age she had a height of 169.5 cm (70%) and an OFC of 69.4 cm (+4.6 SD). She has a conductive hearing loss, Scheuermann kyphosis, hypermetropia, concentration problems and mild intellectual disability.
He was born after a pregnancy complicated by lack of prenatatal care by normal spontaneous delivery at 40 weeks gestation. He is the second child born to nonconsanguineous parents of Turkish descent and has two healthy female siblings. He was hospitalized for 20 days during the newborn period due to facial dysmorphic features, micropenis, vesicourethral reflux (VUR) and medullar nephrocalcinosis. At the age of 6.5 months, at his initial examination at the genetics outpatient clinics, he showed OFC 48 cm (98%), a large anterior fontanel (7x7 cm) and facial dysmorphisms as displayed in table 1. As increased skull bone density was noted in two other individuals with a DVL1 mutation, bone density in this individual was subsequently assessed by DEXA scan and showed increased general bone density. He had umbilical hernia, crytorchidism, micropenis (1.5 cm) and glandular hypospadias. He experienced recurrent urinary system infections and a radionuclide scan showed scar lesions bilaterally, a large right kidney and small left kidney with reduced function. He had surgery for cryptorchidism (3 times), umbilical hernia and VUR. After the VUR operation, enuresis regressed, urinary system infections disappeared and hydronephrosis improved. He experienced two seizures at the age of 15 years. He is treated with Depakine (500 mg/day) and remains seizure-free. At 15 years and 6 months he had a height of 178.5 cm (80%) and an OFC of 63.5 cm (+4.2SD). He showed a normal neurodevelopment and was a very social adolescent with intellectual performance at upper limits (not tested) attending high school with good grades. He was diagnosed as AD Robinow initially, ROR2 and also WNT5 mutation testing had been negative.
